ABSTRACT This study investigated the effects of acute heat stress and slaughter processing on poultry meat quality and carbohydrate metabolism. Broilers (200) were randomly divided into 2 groups receiving heat stress (HS; 36
INTRODUCTION
Heat stress has long been recognized as one of the prominent environmental elements influencing meat quality (Northcutt, 1994; Mckee and Sams, 1997) . The susceptibility of broilers to heat stress has been increased by continuous selection for fast growth (Altan et al., 2003; Tan et al., 2010) . Numerous studies have focused on meat quality as affected by heat stress applications just prior to slaughter and found that the occurrence of pale, soft, exudative (PSE) meat has become a growing problem associated with heat stress (Owens et al., 2000; Alvarado and Sams, 2002) . PSE meat is the result of accelerated postmortem glycolysis, which results in a rapid postmortem decline in pH while carcass temperatures are still high. This combination can result in protein denaturation of the muscle that leads to pale meat color, decreased water holding capacity, and poor texture (Alvarado and Sams, 2002; Woelfel et al., 2002; Wilhelm and Maganhini, 2010) . It has been reported that acute heat stress can increase lightness and decrease the water holding capacity in the breast muscle of broilers (Mccurdy and Barbut, 1996; Bianchi et al., 2004; Akşit et al., 2006) . Heat stress stimulates excessive production of free radicals (superoxide anion radicals, hydroxyl radical, hydrogen peroxide, and singlet oxygen) and these free radicals can in turn damage healthy cells if they are not eliminated (Sivakumar et al., 2010) . Thus, estimation of concentrations of hormones such as thyroxin, cortisol, and prolactin could be one of the important indicators for assessment of stress in animals with regard to final meat quality (Hashem et al., 2013) .
PSE meat in broilers is not only associated with rapid growth and antemortem stressors, but also is affected by postmortem processing, including electrical stimulation, scalding method, cooling rate, and storage temperature (Young and Lyon, 1997; Barbut et al., 2008; Chan and Omana, 2011; Bowker et al., 2014) . The commercial poultry industry had made considerable efforts to reduce the loss associated with heat stress in poultry meat. The general approach is to rapidly reduce the carcass temperature after slaughter (within one h postmortem) by dipping the carcass in ice water. Rapid decline of carcass temperature would reduce the rate of postmortem metabolism, thus slowing the rate of pH decline (Purslow, 2005) . However, the incidence of PSE meat in China is still stubbornly high. The incidence of PSE broiler meat was up to 20% in the summer of 2014 in China in our early suvey (not reported). The effectiveness of the commercial ice-water chilling processing is not recognized by all practitioners.
Thus, the purposes of the present study were to investigate the effects of acute heat stress and processing conditions on broiler meat quality and postmortem changes of glucose metabolism to clarify the effects of commercial slaughter processing on heat stress, and test the feasibility of postmortem ice-water chilling to improve broiler meat quality after the carcass scalding step (feather removal).
MATERIALS AND METHODS

Materials and Treatments
All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Shandong Agricultural University (No. 2001002, Figure S1) and performed in accordance with the "Guidelines for Experimental Animals" of the Ministry of Science and Technology (Beijing, China). All surgery was performed according to recommendations proposed by the European Commission (Close et al., 1997) , and all efforts were made to minimize suffering.
Two hundred male broiler chickens (Arbor Acres), 6 wk of age, were used in the current study. The chickens were randomly divided into 2 groups-acute heat stress group (HS) and control group (C). Each group consisted of 10 replicates with 10 birds and each bird was kept in one cage. For the HS group, the heaterair conditioner was used to keep the climate-controlled room temperature to 36
• C during the heat stress treament. The 10 replicates were moved sequentially with 20 min intervals to the climate-controlled room for one h before slaughter. Water was offered throughout the heat stress procedure. Those of the C group were not exposed to a high temperature and instead remained in the growing environment at an ambient temperature (25 ± 1
• C). Within 2 min after each heat stress treatment, 2 of the 10 birds in one replicate were randomly selected to be slaughtered under laboratory condition (HS-L) and imitative commercial factory condition (HS-F), respectively. The same slaughtering procedure was done in group C and samples were named as C-L and C-F. For the L condition, the boneless breast of broilers was removed manually by knife cutting immediately after bleeding (90 s), without scalding or defeathering, and then stored in an incubator at 4
• C for aging and analysis. For the F condition, broilers were scalded in hot water (60
• C) for 45 s after bleeding, and then defeathered. Then the breasts were removed manually by knife according to that of the L group and cooled in ice water until 50 min postmortem (core temperature ∼4 • C), then the breasts were transferred to an incubator at 4
• C for aging and analysis. No stunning or shackling was used in the F and L processing conditions. In total, 10 replicates of the experiment were carried out. At 5 min, 50 min, 2 h, and 24 h postmortem in all groups, muscle temperature was recorded and samples for pH, glycolysis analysis, and glycolytic enzyme assays were excised from the breast, frozen in liquid nitrogen, and stored at −80
• C until use. Samples for determination of color and sarcomere length were excised at 5 min and 24 h postmortem. Water holding capability and protein solubility were measured at 24 h postmortem.
pH and Temperature
At 5 min, 50 min, 2 h, and 24 h postmortem, muscle temperature was measured with a digital thermometer (DM6801A, Shenzhen Victor Hi-tech Co. Ltd., Shenzhen, China) inserted into the geometric center of the samples. The pH of breast muscles was measured according to Owen et al. (2000) . One gram of breast muscle was homogenised in 9 mL of 5 mM iodoacetate solution for one min using a blender (IKA, T18) at medium speed, and the pH value of the solution was assessed by a portable pH meter (SenvenGo, Mettler Toledo, Urdorf, Switzerland). The pH and temperature were calculated from the average of 3 repetitions.
Color
Color was measured at 5 min and 24 h postmortem with a colorimeter (SP62-Xrite, Grandville, Michigan, 8 mm diameter measuring aperture, illuminant D65). The color was described as coordinates (L * , a * , and b * , representing lightness, redness, and yellowness, respectively; CIE, 1986) . Color values at 8 different locations of the pectoralis muscle were averaged and recorded.
Drip Loss and Cooking Loss
At 5 min post slaughter, from each sample, a muscle fillet (about 50 g) was collected and weighed. Subsequently, the fillets were suspended in paper cups covered with plastic film and stored at 4
• C for 24 hours. Samples were reweighed, and drip loss (%) was calculated as: [(sample weight − sample weight after 24 h)/ sample weight] × 100%.
At 24 h postmortem, after the fillets were weighed, they were cooked individually in plastic bags immersed in a water bath at 75
• C until they reached an internal temperature of 70
• C (Chan and Omana, 2011) . During cooking, the core temperature of samples was tracked with a digital thermometer (DM6801A, Shenzhen Victor Hi-tech Co. Ltd., Shenzhen, China). The cooked samples were chilled and stored in a refrigerator overnight, then reweighed. Cooking loss was calculated as: (weight of water lost before and after cooking/weight before cooking) × 100%.
Glycolytic Potential
Samples (about 10 g) for the determination of glycogen, lactate, glycolytic potential, R-value (inosine/adenosine ratio), and enzyme activities were taken at 5 min, 50 min, 2 h, and 24 h postmortem and immediately frozen in liquid nitrogen and then stored at −80
• C until analysis. Glycogen, glucose, glucose-6-phosphate, and lactate concentrations were determined as described by Monin et al. (1987) . Glycolytic potential, expressed in micromoles lactate per gram of meat, was calculated as follows:
R-value, a ratio of inosine to adenosine, used as a simple and rapid method for detection of the ATP to IMP deamination and for segregation of pale, soft, exudative meat, was determined using the method described by Koh et al., (1993) .
For the determination of enzyme activities, the frozen muscle samples were diluted 1:10 in 0.86% saline solution and homogenized on ice using a homogenizer (IKA, T18). Then homogenates were centrifuged at 3,500 × g, at 4
• C for 10 minutes. The supernatants were subsequently used for determination of pyruvate kinase (PK) and Ca 2+ -ATPase activities using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Protein Solubility
Protein solubility was used as an indicator of protein denaturation. For sarcoplasmic protein solubility, ground meat of 2 grams was homogenized with 20 mL 0.03 M K-phosphate, pH 7.4. After overnight storage at 2 ± 2
• C, the homogenate was filtered through filter paper (medium flow rate, Whatman No. 1 filter paper, Whatman, Inc., Clifton, NJ). The protein concentration of the filtrate was assessed using the biuret procedure (Gornall et al., 1949) , with bovine serum albumin used as standard. For measurement of total protein solubility, ground meat of one g was homogenized with 40 mL 0.05 M phosphate buffer containing 0.55 M KI (pH 7.4). Homogenates were centrifuged, filtered, and analyzed for protein concentration as described for the sarcoplasmic protein solubility.
Statistical Analysis
Statistical analysis was performed with the Statistical Analysis System Package (version 9.2, SAS Figure 1 . Effects of pre-slaughter heat stress treatment and postmortem processing on the core temperature of pectoralis major muscles (n = 10).
1 C-F = no pre-slaughter heat stress and processed by commercial factory conditions. C-L = no pre-slaughter heat stress and processed by laboratory conditions. HS-F = pre-slaughter heat stress and processed by commercial factory conditions. HS-L = pre-slaughter heat stress and processed by laboratory conditions. Institute, Cary, NC) using the MIXED procedure. The experiments were split plot designs. For the whole plot, birds (10) served as blocks (replicates), and were considered a random effect, while treatment (HS, C), processing (F, L), and their interaction were considered a fixed effect. Duncan's test was used for the means separation. Significant differences are indicated, and the P-value is given.
RESULTS AND DISCUSSION
Temperature
There was no significant difference (P > 0.05) at 5 min (after scalding and before chilling) postmortem between the core temperature of muscles in all treatments as seen in Figure 1 , which indicated that the initial core temperature of breasts were not affected by the scald and defeather procedure. However, a significant difference in cooling rate was observed between slaughter conditions (P < 0.05). The ice water in the commercial factory condition (F) made the core temperature drop faster. It decreased below 4
• C at 50 min and was sustained until 24 h postmortem, while the temperature of those processed by the lab (L) experimental condition (no ice water treatment) decreased much more slowly.
Heat stress slowed the temperature decline at an early time (5 min ∼ 50 min) in L samples (P < 0.05), but it had no effect on F samples (P > 0.05). It was reported that acute heat stress could accelerate ATP depletion and increase heat release (Quinteiro -Filho et al., 2012) . However, fast chilling made the difference between the HS and C groups disappear in this investigation, for commercial factory samples. Table 2 . Effects of pre-slaughter heat stress treatment and postmortem processing on the pH value of pectoralis major muscles during storage at 4
• C (n = 10). 6.27 a,n,x 6.04 b,n,x a-c Means in a row within a treatment and processing method with a different letter differ (P < 0.05).
n-o Means in a column within a treatment with a different letter differ (P < 0.05).
x-y Means in a column within a processing method with a different letter differ (P < 0.05).
1 HS = heat stress, C = control, no heat stress. 2 F = processed by commercial factory conditions (scald, defeather, ice water chilled). L = processed by laboratory conditions (not scalded, defeathered, or chilled).
3 Standard error.
Also, there was no significant difference among the 4 groups at 5 min and 24 h postmortem (P > 0.05), which indicated that neither the heat stress treatment nor the processing conditions changed the initial and the ultimate core temperature. The scalding processing (60
• C, 45 s) used in this study did not increase the initial core temperature of the breast muscles. However, chilling by ice water accelerated the temperature drop (P < 0.05), which was in agreement with the study of Quinteiro-Filho (Quinteiro-Filho et al., 2012).
pH Value
There was a significant treatment × processing interaction for pH (P < 0.05, Table 1 ). The pH values of different treatments are presented in Table 2 . There was no significant difference between the initial pH within the L or F processing groups (P > 0.05), but in the HS treatment, the pH of samples processed under commercial conditions was higher than samples from the laboratory at 5 min postmortem (P < 0.05). During later processing, the pH of HS samples declined much faster than those in the control groups (P < 0.05). And the ultimate pH at 24 h postmortem of HS samples was much lower than the C group (P < 0.05). This result agreed with several previous studies. Mckee and Sams (1997) found that HS accelerated rigor development, resulting in a more rapid decline in postmortem pH compared with controls. Pan et al. (2008) also reported that the ultimate pH of muscles was reduced substantially by acute heat stress before slaughter.
There was no significant difference (P > 0.05) in initial pH values between samples from the C-F and C-L groups. At 50 min postmortem, the pH of samples in the C-L group was much lower than that in C-F (P < 0.05). But no difference (P > 0.05) was found during further storage between the 2 groups. This showed that commercial slaughter processing (F) significantly retarded the decline of muscle pH, but had no effect on the ultimate pH in control groups. These results were consistent with previous studies indicating that different cooling rates changed the rate of postmortem pH decline, but did not significantly affect the ultimate pH (Jacob et al., 2012) .
Meat Quality
Processing plants are becoming more concerned about meat quality, especially to improve water holding capacity (WHC), and therefore increase product yield. In this study, L processing increased the drip loss significantly, compared to F processing (P < 0.01, Table 3 ). The HS treatment did not significantly affect drip loss between the 2 processing groups (P > 0.05). In previous studies, drip loss was affected by the rate and extent of the decrease of the pH value (Hammelman et al., 2003; Kapper et al., 2014) . Alvarado (2002) reported that drip loss of Pectoralis major muscles was significantly lower in carcasses chilled at 0
• C, compared to the slow cooling treatments, consistent with the results of this study. Also, in this study, HS accelerated the pH decrease in the commercial conditions, and tended to increase the drip loss (drip loss values were higher, but not significantly). Zhu et al. (2011) also found that the muscles in the HS group had higher drip loss compared to non-HS controls (P < 0.05) (Zhu et al., 2011; Hashem et al., 2013) . In this study, cooking loss also was affected by the processing conditions (P < 0.05). Commercial slaughter processing (F) significantly increased the cooking loss (P < 0.05, Table 3 ). But the heat stress treatment and its interaction with processing conditions (F or L) had no effect on cooking loss (P > 0.05). Dunn (1993) indicated that cooking loss was affected only by the ultimate pH value (Dunn, 1993) . In this study, the heat stress treatment lowered the ultimate pH value, but the change in cooking loss caused by HS was not significant (P > 0.05). This indicated that the ultimate pH was not the only determinant of cooking loss. The differing results between the 2 processing conditions also supported this conclusion.
The main determinants of WHC of meat are pH and the amount of protein denaturation (Offer and Knight, 1988) . In this study, a significant correlation between Table 3 . Effects of pre-slaughter heat stress treatment and postmortem processing on the drip loss and cooking loss of pectoralis major muscles (n = 10). the ultimate pH and drip loss (P < 0.01) was observed, but the correlation between pH and cook loss was not significant (P > 0.05, Table 7 ). However, there was a significant correaltion between cooking loss and initial sarcomere length (Table 7 , P < 0.05). The sarcomere length at 5 min postmortem was less with F processing, compared to L processing (no ice water treatment; Figure 3 ).
The apparent pale color in poultry meat is associated with lower pH. Pale meat is often associated with a PSE-like condition as described in pork (Van Hoof, 1979; Barbut, 2009) . In this study, the lightness was affected by both heat stress treatment and storage time (P < 0.05, Figure 2 ), but processing conditions and their interaction had no effect (P > 0.05; Table 1 ). HS had no significant effect on L * 5 min but significantly improved L * 24 h . Swatland et al. attributed pale meat color to increasing light scattering related to protein denaturation and sarcomere length changes (Swatland, 2004) . Northcutt (1994) and McKee and Sams (1997) reported that pre-slaughter heat stress could accelerate rigor mortis development, which induced faster pH decline, lower pHu, and higher L * value in chicken meat. Some researchers reported that cooling rate affected the appearance of meat (Dunne et al., 2008; Sterten et al., 2009 ), but in this study different processing conditions had no effect on the lightness (P > 0.05). The interaction between the heat stress treatment and processing conditions was not significant (P > 0.05), which indicated that the appearence of broiler meat could not be improved by the ice water chilling used in the F commercial processing treatment.
Sarcomere Length
Sarcomere length has been reported to be associated with WHC and lightness. Shorter sarcomeres result in a lower WHC and paler appearance. In this study, sarcomere length was affected (P < 0.05) by slaughter processing conditions, but HS treatment and treatment × processing interaction had no effect (Figure 3 , Table 1 ). At 5 min postmortem, samples from L had a longer sarcomere length than those from F processing (P < 0.05). At 24 h postmortem there was no significant difference (P > 0.05) in sarcomere length between the Table 4 . Effects of pre-slaughter heat stress treatment and storage time on the lactic acid concentration, glycogen glycolytic potential and R-value (inosine / adenosine ratio) of pectoralis major muscles (n = 20). 2 processing conditions. Initial sarcomere length was significantly correlated (P > 0.05) to both L * 5 min postmortem and cooking loss ( Table 7 ), indicating that early postmortem contraction of the sarcomere was associated with pale appearance and increased cooking loss.
Postmortem Glycolysis Changes
After slaughter, the substrates glycogen, glucose, and glucose -6 -phosphate are converted to lactate. Meat with a lower ultimate pH may be expected to contain more lactate than that with a higher ultimate pH. As can be seen in Table 1 , lactate concentrations, glycogen concentration, glycolytic potential and R-value were all affected by heat stress treatment (P < 0.01). The processing and heat stress × processing interaction had no effect on the glycolysis indicators (P > 0.05; Table 1 ). At 5 min postmortem, the HS treatment had no effect on the glycolysis indicators (P > 0.05). After that, HS significantly accelerated the hydrolysis of glycogen and the accumulation of lactate (P < 0.05).
In early postmortem, the glycolytic potential was stable and there were no differences in samples from different stress states (P > 0.05, Table 4 ). However, it was significantly improved at 24 h postmortem in the HS treatment (P < 0.05). The R-value is the ratio of inosine to adenosine. The rate of the hydrolysis of ATP determines the rate of postmortem glycolysis (Hamm, 1977; Zhu et al., 2011) . In the present study, the Rvalue also was affected by HS. At 2 h post mortem, the R-value of the HS samples was higher than that of C group (P < 0.05; Table 4), while the differences at other sampling points were not significant (P > 0.05). The high rate of R-value increase supported the fact that HS resulted in a high rate of glycogen degradation and lactate formation. Some researchers have found similar results in broilers (de Femery & Pool, 1960) and in turkeys (McKee & Sams, 1997) . Lawrie (1991) concluded that the decline in pH was related to the accumulation of lactate in the muscle during glycolysis. In this study, the accumulation of lactate in the HS treatment was much faster during 50 min (P < 0.05) to 24 h postmortem (P < 0.01). Also, higher rates of pH decline were found in the HS group (Table 2) , and the pH was inversely related to the concentration of the lactic acid (P < 0.01, Table 7 ). So, the decrease of pH during aging was mainly due to lactic acid accumulation in glycolysis and H + from ATP hydrolysis, which was similar to another report (Hambrecht et al., 2005) . The present study highlights that the different pH values and rates of pH decline between the HS and C groups could be attributed to different lactate contents after slaughter. It has been previously suggested that HS may increase the release of hormones, accelerate decomposition of glycogen, and increase the rate of muscle glycolysis, leading to postmortem pH decline (Garriga et al., 2006) .
In this study, the lack of significant effects of factory processing (F) on the various measures of postmortem glycolysis indicated that the scalding and chilling procedures had little effect on the postmortem glycolysis. There was also no significant interaction effect of the HS treatment with F processing on the measures of glycolysis, indicating that scalding and cooling procedures have no effect on the role of heat stress in glycolysis postmortem.
Metabolic Activity Changes
Glycolysis is a very important metabolic pathway in the postmortem period (Choi and Kim, 2009; Zhang et al., 2012) . PK is one of the key enzymes of Table 5 . Effects of pre-slaughter heat stress treatment and storage time on the pyruvate kinase (PK) and Ca 2+ -ATPase activities of pectoralis major muscles (n = 20). anaerobic metabolism that regulates the conversion of pyruvate to lactate under anaerobic conditions in the muscle (Shen and Du, 2005) . Ca 2+ -ATPase is known to play a pivotal role in maintaining Ca 2+ homeostasis. These 2 enzymes affect the rate of glycolysis after slaughter.
Activities of PK and Ca 2+ -ATPase were affected by heat stress treatment and storage time (Table 5 , P < 0.05), but the processing conditions (F) had no effect (P > 0.05, Table 1 ). At 50 min postmortem, the PK activity of the samples from the HS treatment was higher than the C group (P < 0.05). At the other sampling points, the differences were not significant (P > 0.05). At 50 min and 2 h, the Ca 2+ -ATPase activity of the samples from the HS treatment was also higher than C group (P < 0.001), but by 24 h postmortem, the PK and Ca 2+ -ATPase activities between the HS group and C group were not different (P > 0.05). Activity differences of PK and Ca 2+ -ATPase were found in the HS treatment in the early postmortem, indicating that pre-slaughter heat stress can mobilize more glucose to supply the energy by anaerobic metabolism in the broilers, and produce more pyruvate to convert to lactate plus energy in the early postmortem compared to group C birds. Maybe, higher activities of PK and Ca 2+ -ATPase are the reason which accelerate the pH decline rate in HS treatment.
There was no significant heat stress × processing condition interaction effect (P > 0.05) on PK and Ca 2+ -ATPase activties (Table 1 ), indicating that factory processing (chilling) could not counteract the adverse effect of heat stress on the activities of PK and Ca 2+ -ATPase. The correlation between the meat traits and indicators of metabolic activity (Table 7) showed that the L * value of breast meat at 24 h postmortem was affected by the PK activity (50 min) and Ca 2+ -ATPase activity (initial and 2 h postmortem). This was similar with a previous report (Ahn et al., 1992) . They attributed this relationship to the change of pH caused by the different PK activity. But in this study, the correlation between pH and PK activity was not significant (P > 0.05). The pH value (2 h postmortem and 24 h postmortem) was negatively associated with initial Ca 2+ -ATPase activity (P < 0.05). 
Protein Solubility
Interaction of heat stress treatment and processing conditions significantly affected the solubility of total protein and myofibrillar protein (P < 0.01; Table 6 ). The solubility of sarcoplasmic protein was higher in the muscles F-processed in birds in both HS and C groups (P < 0.01). Under lab conditions (no scalding or ice water chilling), the solubility of myofibrillar protein and total protein of the C group were higher than the HS group (P < 0.01). With factory conditions, myofibrillar protein solubility and total soluble protein levels were not different between HS and C groups (P > 0.05).
As a result of rapid pH fall while the carcass remains warm, denaturation of myofibrillar proteins occurs, especially for myosin (Joo et al., 1999; Lee et al., 2000) . This leads to decreased protein solubility, thus, contributing to poor WHC and an inferior texture in fresh and, later, in processed products. In this study, heat stress accelerated the pH decline and induced more denaturation of total protein and myofibrillar protein (P < 0.05). These results agreed with those of Pan et al. (2008) . For the sarcoplasmic protein, increasing the rate of chilling with the commercial processing conditions leads to a more rapid temperature decline in Table 7 . The correlation between the meat traits and indicators of postmortem glycolysis, metabolic activity, and protein solubility. carcasses and a slower pH decline, and induces a significant decrease in protein denaturation (Ali et al., 2008) . The solubity of sarcoplasmic protein was found to be significantly related to L * 24 h postmortem and drip loss of muscles (Table 7 ; P < 0.05). This might be a reason for the higher drip loss in samples processed in laboratory conditions.
CONCLUSIONS
In conclusion, the present results confirm that at 50 min postmortem, heat stress increased the production of lactate in muscle, which in turn increased the rate of pH decline and subsequently decreased the quality of breast meat, and increased the proportion of PSE-like meat. Broilers processed by commercial factory processing procedures had some degree of drip loss improvement, but had few changes in measures of postmortem glycolysis. The results also showed that the commercial processing procedure, including an ice water chill step after defeathering, could not eliminate the negative effects caused by acute pre-slaughter heat stress. Thus, pre-slaughter heat stress must be minimized to the greatest degree possible to minimize PSElike defects in broiler breast meat. Some additional preslaughter handling methods and post-slaughter processing steps may need to be introduced to improve meat quality.
